Psychomotor development in infants is often measured in terms of age at achievement of developmental milestones. While developmental milestones have been investigated extensively in developed countries, not many studies can be found in developing countries. [1] [2] [3] [4] [5] [6] Yaqoob et al. 6 compared the profile of developmental milestones of Pakistani children and children in Europe and North America. Pakistani children born into uppermiddle class families had psychomotor development similar to their western counterparts; the rest had a considerable delay in the achievement of most milestones. The reasons for developmental delay were largely unexplored in the paper.
The effect of size at birth on psychomotor development has been studied frequently in the last two decades. However, most previous studies compared normal controls with extreme cases, most often very low or extremely low birthweight babies, using various cut-off points for the classification. [7] [8] [9] [10] [11] [12] Not much is known about the association between a broad spectrum of size at birth and developmental delay. In addition, birthweight is a crude indicator of nutrition and growth since small newborns consist of a heterogeneous group. 13 It has been suggested that newborns thin at birth have suffered from growth retardation during the last trimester of pregnancy, whereas short newborns have suffered prolonged intrauterine growth retardation. [14] [15] [16] The latter is a more important public health issue in developing countries. 16 Postnatal growth faltering during the first 2 years of life is common in developing countries. 17 The influence of postnatal growth on psychomotor development is a relatively unexplored area. Again, previous studies mainly consisted of low birthweight babies. 15, 18 Growth velocity of the human brain has a positively skewed distribution, centring in the perinatal period and skewed towards the postnatal period. 19 Humans are more 'postnatal brain developers' than 'prenatal brain developers'; the growth velocity of the human brain is particularly high in the first 6 months of life. Studies in animals have also shown Background Studies have often compared the postnatal motor development of 'small' versus 'normal' newborns. Not much is known about the associations between a broad spectrum of size at birth and motor development. The effect of early postnatal growth on motor development is little researched. Growth failure in terms of shortness and thinness should be differentiated, but not many studies have the data for this analysis.
Methods
This is a longitudinal study of infants born in Lahore, Pakistan, between 1984 and 1987 . Age at commencement of independent walking and age at 'building a 3-cube tower' were taken as indicators of gross and fine motor development, respectively. Size at birth was captured by length and thinness as continuous variables; postnatal growth from birth to 6 months of age was measured by changes in length and thinness. Adjustment for covariates and handling of censored cases were performed by generalized log gamma regression.
Results
Thinness at birth and postnatal stunting and wasting had a linear, inverse association with gross motor development (each P Ͻ 0.05). Birth length had a non-linear, inverse association with this outcome (P Ͻ 0.05). Birth length, thinness at birth and postnatal wasting had a linear, inverse association with fine motor development (each P Ͻ 0.05).
Conclusion Both fetal and early postnatal growth over a broad spectrum may affect infants' motor development. It is not just the babies who were very small at birth that suffered. Birth length appeared to be more influential than other anthropometric indicators.
that the cerebellum, which manages motor co-ordination, is the part of the brain most susceptible to early postnatal insults. 20 As such, growth faltering in the first 6 months of life may be a potentially important factor influencing motor development. This is a longitudinal study of gross and fine motor development in Pakistani children. Basic findings on psychomotor development from this Pakistani cohort were reported previously. 6 The present study aims to investigate the association between size at birth, postnatal growth in the first 6 months of life, and gross and fine motor development. Instead of dichotomizing infants as small or normal, this paper operationalizes body growth as a continuous phenomenon.
Materials and Methods

Study design
This is a longitudinal study of a population of 1476 infants born between 1984 and 1987 in four different areas of Lahore, Pakistan. The four areas were: a typical village about 40 km from Lahore, a periurban slum on the periphery of Lahore, a typical urban slum area in the city, and an upper-middle class group scattered over the city. The infants were examined monthly during home visits by the doctors of the research project. Details of the research design have been reported elsewhere. 6, 21 
Variables
At each visit weight and supine length were taken to the nearest 100 g and 0.1 cm, respectively. The measuring equipment were checked weekly and maintained by a trained technician. The standard procedures set out by Cameron were followed and used in the training of field staff. 22 The independent variables included indicators of length and thinness at birth and indicators of postnatal changes in length and thinness. Due to the cultural practice of not allowing strangers to see a mother immediately after delivery, weight and length at birth could not be measured on the spot. Instead they were measured as early as possible after delivery; babies not measured within 1.5 months of birth were not included in the analysis. Length at first measurement was age and sex standardized according to a WHO recommended international reference. 17 This was used as a proxy measure of birth length standard deviation score (SDS). A weight for length SDS proposed by Karlberg and AlbertssonWikland 23 was used to measure thinness. The procedure was to calculate weight for height value = weight SDS-0.7 × height SDS, and then divide it by the standard deviation. This index has the advantage of being roughly independent of height throughout the paediatric years. For brevity, body size at first measurement is referred to as body size at birth. Changes in length SDS and weight for length SDS from birth to age 6 months were used as indicators of postnatal growth. The values represented the SDS at 6 months minus the SDS at birth. They are referred to as postnatal stunting and postnatal wasting.
Covariates adjusted for in multiple regression analysis included residential area, mother's education, incidence of diarrhoea from birth to age 6 months, medical diagnosis at first examination, gestational age and sex. Subjects in the four residential areas had different socioeconomic profiles. 24 The periurban slum and village samples had a lower socioeconomic background and poorer housing than the other two groups. Mother's education was classified as none, primary and above primary. At each home visit the number of episodes of diarrhoea in the last month was enumerated. Diarrhoea was defined separately for breastfed and non-breastfed babies. 25 The variable used in statistical analysis was the average number of episodes per month from birth to age 6 months. At the first visit the infants were examined by a physician for any medical condition, including congenital abnormalities. The outcome was dichotomized as presence or absence of at least one medical condition. Gestational age was determined using Dubowitz estimates for 56% of the babies; 26 the rest were determined by last menstrual period facilitated by a local events calendar. Gestational age was specified as having a linear term and a quadratic term.
At each monthly follow-up several milestones were observed by teams consisting of a field doctor and a woman health visitor. The teams were initially trained to test the milestones and were retrained every 3 months. Independent walking was selected from the Denver Developmental Screening Test as an indicator of gross motor development. 27 It was defined as taking about 10 steps without support. 'Building a tower of 3 cubes' was selected from the Developmental Screening Inventory as an indicator of fine motor development. 28 The testing involved three demonstrations and three trials. In comparison with other gross and fine motor milestones assessed during the first 2 years of life, the two chosen indicators were achieved at older ages. 6 They not only represented relatively long-term outcomes of size at birth, but also allowed an examination of the effect of postnatal catch-up growth, which usually take place in the first 6 months of life. When the child achieved a milestone, age at onset of that milestone was taken as the average of age at this follow-up and age at the previous follow-up. Chronological age was used in the main analysis. Age corrected for gestational duration, 29, 30 i.e. chronological age plus (gestational age 40 weeks), was calculated and used in subsidiary sensitivity analyses.
Statistical analysis
There were two sources of unobserved outcomes (censoring): losses to follow-up before achievement of milestones, and not having achieved the milestones by the last follow-up at age 24 months. The latter phenomenon was rare for independent walking (n = 5), but fairly common for cube tower building (n = 90). We therefore used a survival analysis approach to handle the censoring. Graphical examination of the observed age at achievement of milestones suggested that the distributions were positively skewed and looked roughly log normal. The analysis was based on a generalized log gamma model, which is very flexible in shape and includes the log normal as its special case. 31 The regression coefficients represented differences in age at achievement of milestones on the log scale. The exponentiated regression coefficients were interpreted as time ratios (TR). For example, a time ratio of 0.9 meant that one-unit increase in the variable was associated with a 10% reduction (younger) in average age at achievement of a milestone. The variables were forced entries in the multiple regression models in a prespecified manner. The exceptions were quadratic terms for the four anthropometric variables, whose inclusion or exclusion was based on significance tests. Interactions were examined by the likelihood ratio test. Deviance residuals were examined by graphical means. To give a more clinical feel of the impact of fetal and postnatal growth, we estimated the median ages at achieving the two milestones for subjects at -2 and +2 standard deviations of each anthropometric variable, using the medians and time ratios from the regression models. Similarly, the differences for the extreme values of other significant variables were also estimated. In a sensitivity analysis we repeated the survival models excluding infants not measured for size on the first day of birth.
Results
In all, 212 subjects were not measured for body size within 1.5 months of birth, among them 33 died and 8 migrated out of the research area before 1.5 months. The median age at first measurement was 2 days. The medians for the two socioeconomically disadvantaged areas, i.e. the village and periurban slum, were 1 and 4 days, respectively; the medians for the urban slum and city groups were 3 and 2 days, respectively. Two hundred and fifteen subjects were not measured for body size around 6 months of age, among them 91 died and 51 migrated before 6 months. Thirty-five subjects had missing or extreme values (Ͻ-5 SDS or Ͼ5SDS in anthropometric variables; Ͼ44 weeks of gestational age). The number of subjects in the analyses was 1014. Table 1 shows the distribution of the categorical variables. Table 2 summarizes the distribution of the continuous variables. The infants were 0.4 SDS thinner and shorter than expected. From birth to age 6 months the infants experienced considerable stunting, i.e. a decline of about 0.8 SDS. Mean gestational age was 39 weeks. Only 20 (3%) infants were pre-term (Ͻ37 weeks). The mean onset of independent walking was 14 months of age. Correction for gestational duration slightly reduced this average to 13.8 months. The mean age at building a 3-cube tower was 18 months (17.8 months after correction for gestational duration). Table 3 shows the matrix of Pearson's correlation coefficients (r) between body size variables, gestational age and age at achievement of the two milestones. Thinness at birth was strongly correlated with postnatal wasting (r = -0.60; P Ͻ 0.05); length SDS at birth was moderately correlated with postnatal stunting (r = -0.34; P Ͻ 0.05). Thinness at birth, length SDS at birth and postnatal stunting all inversely associated with age at which independent walking commenced (r = -0.21, -0.23 and -0.12; each P Ͻ 0.05). The associations between anthropometric variables and gestation-corrected age at independent walking were almost the same. Thinness at birth and length SDS at birth were significantly, but only weakly, related to age at building a cube tower (r = -0.10 and -0.21; each P Ͻ 0.05). Postnatal wasting and stunting during the first 6 months were not associated with this milestone. Again, the associations between body size variables and gestation-corrected age at building a 3-cube tower were approximately the same. Table 4 shows the results of two multiple regression models: model I on age at which independent walking commenced; model II on age at building a tower of 3 cubes. Based on model I, the estimated median age at independent walking was 13.8 months. Length SDS at birth showed a non-linear relation with the outcome. Both the linear term and the quadratic term were statistically significant (TR = 0.97 and 1.02; each P Ͻ 0.05). Graphical examination of deviance residuals showed roughly horizontal average residual value in the -3 to 1.5 SDS range. It went upward in the 2 to 3 SDS range, suggesting an overestimation of age at walking for subjects in this range. Nevertheless, the number of cases above 2 SDS of birth length was small (n = 5). Thinness at birth, postnatal wasting and postnatal stunting were inversely associated with age at which c Postnatal wasting = weight for length SDS at 6 months -weight for length SDS at birth; postnatal stunting = length SDS at 6 months -length SDS at birth.
d Excluding censored cases.
e Corrected for gestational age.
* P Ͻ 0.05. No. of censored outcome 126 211 a A time ratio indicates the multiplicative relation of a unit change in the independent variable on the age at achieving the milestone, e.g. a time ratio of 0.9 means that one unit increase in the independent variable is associated with a 10% decrease in the age at achieving the milestone. b Likelihood ratio tests showed that a squared term for this variable was unnecessary (P Ͼ 0.1).
c Standard deviation score.
d Postnatal wasting = weight for length SDS at 6 months -weight for length SDS at birth; postnatal stunting = length SDS at 6 months -length SDS at birth. * P Ͻ 0.05. independent walking started (TR = 0.96, 0.97 and 0.96; each P Ͻ 0.05). Both residual plots and significance tests for quadratic terms suggest that their effects were linear. Table 5 provides an alternative interpretation of the regression outcomes. Other factors being held constant, subjects with low (-2 standard deviations) and high values (+2 standard deviations) in thinness at birth, length SDS at birth, postnatal wasting, and postnatal stunting had a difference in median age at independent walking of 2.3, 2.6, 1.6, and 2.1 months, respectively. Although the time ratios of residential area and mother's education were relatively strong, the predicated differences between the village and city groups and between the infants of mothers with no education and above primary education were not very large. This was due to a larger range of variation in the other variables. Table 4 also shows the results of multiple regression analysis on age at achieving the cube tower milestone. The model-based estimate of median age at first building a 3-cube tower was 19.0 months. Residual plots and significance tests did not show any non-linear effects on the part of the anthropometric variables. Only linear terms were included in this final model. Thinness at birth, length SDS at birth and postnatal wasting were inversely associated with age at building a cube tower (TR = 0.98, 0.97 and 0.98; each P Ͻ 0.05). Postnatal stunting was not significantly associated with the outcome (TR = 0.99; P Ͼ 0.05). Table 5 compares the median ages of subjects with low and high values of anthropometric variables. Length SDS at birth made a larger difference (2.3 months) than thinness at birth (1.5 months) and postnatal wasting (1.5 months). The effect of postnatal stunting was minor.
No significant interaction was found between growth and residential area and mother's education (each P Ͼ 0.05), or between residential area and mother's education (each P Ͼ 0.05). In a sensitivity analysis, we substituted gestation-corrected age at achieving the milestones into the survival models. In another sensitivity analysis, we included only the infants who were measured for size on the first day of birth (n = 415). The results were almost identical to Table 4 (details not shown).
Discussion
Relatively few previous studies have examined the impact of a broad spectrum of size at birth, and few have investigated the impact of early postnatal growth. Information on birth length was not often collected in either routine health information systems or research projects. Thus it is sometimes difficult to say whether it is birthweight or birth length that has an impact on development. This study of Pakistani infants has the advantage of investigating both length and thinness at birth, as well as postnatal changes in them.
Due to cultural reasons, body size was not measured immediately after birth. We had to use the measurements from the first visit as indicators of size at birth, and we excluded subjects not measured within the first 1.5 months of birth. However, half of the infants were measured within 2 days of birth so the first measurement should give reasonable estimates of size at birth. The first measurements were made earlier in the village and city groups; earlier or later measurements did not concentrate in the two disadvantaged areas. Residential areas had also been adjusted for as a categorical variable in the analysis. A sensitivity analysis showed that excluding all subjects not measured on the first day would give virtually identical results. It is debatable whether chronological age or age corrected for gestation is a more valid and clinically useful measure of child development. 29, 30 Nevertheless, this debate did not concern us as the two measures were highly correlated and sensitivity analysis showed no practical difference in the regression outcomes.
In bivariate correlation analysis, shortness and thinness at birth were inversely associated with postnatal growth. This suggested some postnatal catch-up growth. Since the size at birth and postnatal variables were correlated, multiple regression analysis was used to reveal a clearer picture. In multiple regression analysis, residential area and mother's education were related to age at onset of independent walking and/or cube tower building. Medical conditions at first examination and incidence of diarrhoea did not show any statistical significance. Confounding due to congenital anomalies and infection seemed unlikely. Briend maintained that the impact of diarrhoea on growth was probably exaggerated. 32 Children caught-up in nutritional status after an episode of diarrhoea; the effect of the disease on growth was only transient. 32, 33 The same reason may explain the lack of association between diarrhoea and the two markers of motor development. With adjustment for covariates, both shortness Table 2 , and medians and time ratios from Table 4 .
b Standard deviation score.
c Postnatal wasting = weight for length SDS at 6 months -weight for length SDS at birth; postnatal stunting = length SDS at 6 months -length SDS at birth. and thinness at birth and their postnatal changes were related to age at commencement of independent walking. Length SDS at birth showed a non-linear relation with the outcome. The residual plot suggested that, in the -3 SDS to 1.5 SDS range, the form of relation was adequately captured by a quadratic function. The model overestimated the outcome for those born with length above 2 SDS. This is the typical 'end effect' of using natural polynomials in regression analysis. 34 The quadratic function imposed a spurious upturn at the upper end of the curve. However, it is not important in the present study since only a few babies fall in that range. For infants born shorter than the average (zero SDS) of the international reference, the regression coefficients implied a roughly linear dose-response relation. The effect of birth length levelled off among average and above average values. Zero SDS appeared to be a threshold of birth length effect on delayed gross motor development. Other aspects of fetal and early postnatal growth had a linear, inverse association with the gross motor development outcome. Length SDS at birth, thinness at birth and postnatal wasting were significantly associated with the fine motor milestone. The relations were inverse and linear.
Shortness and thinness at birth indicate growth failure at different stages of pregnancy. The former is an indication of fetal undernutrition with an onset in the second trimester; a prevalent problem in developing countries. 16 Since the short or thin infants might include some normal infants whose small body size was due to genetic reasons, the present estimates of relationship may be somewhat underestimated. The true importance of fetal and early postnatal growth failure on motor development should in that case be slightly higher. Among the four factors, length SDS at birth stood out as being the most influential on both aspects of motor development. Previous studies have tended to focus on birthweight. Our findings called for more emphasis on the investigation of birth length and its implications. The findings also suggest that it is not just those very small babies who suffered delayed gross and fine motor development. Rather, in the Pakistani context, the larger is usually the better, with the exception that babies of above average birth length did not enjoy extra gain in gross motor development. While improving the health of some very small babies is important in clinical settings, improving the health of many slightly small babies would be more important for the promotion of a healthy population. 35 Moreover, postnatal growth was also inversely related to motor development. It is not that clear whether poor postnatal growth and undernutrition lead to developmental delay, or whether infants may adapt to those problems by reducing interaction with the environment. However, both situations are undesirable. Interventions to improve fetal and postnatal growth may be helpful in facilitating child motor development. Whether the two aspects of motor development are powerful in predicting later/adult performance is not well known at the moment. To elucidate this, studies with long-term follow-up are warranted.
KEY MESSAGES
• shortness at birth, thinness at birth and postnatal wasting were inversely related messages to the age at commencement of milestones of gross and fine motor development.
• postnatal stunting was inversely related to the age at commencement of a gross motor milestone.
• variation of growth over a broad spectrum was related to the outcome measures; it was not just the babies who were very small that suffered.
• shortness at birth appeared to be more important than other aspects of fetal and early postnatal growth in determining motor development.
British adults who were born small for gestational age (birthweight below the fifth percentile for age at birth) in 1970 have academic difficulties that persist into adolescence. As young adults their professional and economic attainment was found to be lower than that of those born at normal birthweight. 1 These results were obtained in the largest study to date on the long-term educational and social implications of impaired fetal growth. About 14 000 infants born in one week in the UK were included and more than 50% of them were followed-up for 26 years. Despite the observed differences in academic and professional achievement, the adults who were small at birth were as likely to be employed, married and satisfied with life as their normal birthweight counterparts. These findings raise intriguing questions about the underlying factors that led to the observed disadvantages as well as about their implications for public health world-wide.
Other studies in adults have failed to show associations between size at birth and adult cognitive performance. 2, 3 Some Commentary: Early growth and cognitive development studies in children found modest developmental delays in those who had been small at birth, whereas others only found an impact of poor fetal growth on intelligence and motor development if there were large reductions in head circumference. 4 An explanation for the absence of an effect of poor fetal growth on cognitive performance in adult life was that the fetus responds to adverse conditions, predominantly undernutrition, by slowing down its growth and preferentially redistributing blood flow towards the head in an attempt to maintain brain development. 2 These adaptations to protect the brain may alter the development of organs and tissues in the thorax and the abdomen which in turn might lead to coronary heart disease later in life. 5 The results of the 1970 British Birth Cohort study, which focused on more subtle measures of mental and social development than signs of neurological abnormalities or IQ scores used in previous studies, suggests that this brain-sparing mechanism is not completely protective. 1 The study by Cheung et al., published in this issue, examined the influence of prenatal and postnatal growth on motor development in the first 2 years of life after birth in about 1000 babies born in Lahore in Pakistan. 6 It is an important study for several reasons. First, it did not focus on cases with a very low birthweight, but analysed associations with motor development over the entire range of size at birth. Second, not only weight but also length at birth was available, and the study of body proportion provides further insight into fetal responses to adverse intrauterine conditions and their long term consequences. Thirdly, it also looked at the effects of growth in the first 6 months after birth, and brain growth is particularly fast in the months around birth. 7 Finally, it studied the development of babies born in a developing country, which is relevant as the effects of adverse intrauterine conditions may vary according to the adequacy of the preconceptual nutritional condition of the mother.
Babies who were longer or fatter at birth started to walk and to build a 3-cube tower earlier than those who were short or thin. The effect of body length at birth on motor development was particularly clear in babies of below average length. Fast postnatal growth in weight as well as in length led to earlier walking, whereas only fast growth in weight led to early tower building. In other words, thinness and shortness at birth as well as poor postnatal growth seem to be linked to a slower motor development in the first 2 years of life.
In an earlier report on the same group of babies, it has been shown that the psychomotor development of Pakistani children born in upper-middle class families and that of children born in industrialized countries is similar, but that the development of children born in slums or a rural village was considerably delayed. 8 The results that are reported in this issue demonstrate, although the authors do not deal with this topic explicitly, that the differences in motor development between Pakistani children from different backgrounds persist if size at birth and early postnatal growth is taken into account. Moreover, the reported differences in motor development between children born in a rural village and those from an upper-middle class background are relatively large and correspond to a decrease in either length or weight for length of at least 3 standard deviations. This indicates that environmental factors related to poverty influence motor development in infancy and childhood independently of their effects on size at birth and postnatal growth.
Cheung et al. conclude that being short at birth appeared to be more influential than being thin. Although it is debatable to what extent this conclusion is supported by the data-the effects of shortness and thinness seem to be rather similar-it points the discussion into the right direction. Birthweight is a rather crude marker of fetal growth, and the study of body proportions at birth might provide a first step towards a better understanding of the mechanisms underlying the link between impaired fetal growth and disorders later in life. It is thought that thinness is predominantly an indication of undernutrition during the last trimester of gestation, whereas shortness might indicate undernutrition with an earlier onset.
It is suggested by Cheung et al. that 'interventions to improve fetal and postnatal growth may be helpful in facilitating early child motor development'. The key question now is how that can be achieved. In a study in India, body size of newborn babies was strongly predicted by maternal pre-pregnancy weight, which in itself is the result of the mother's prenatal and postnatal development as well as her energy and protein balance in adult life. 9 This indicates the importance of interventions to improve the nutrition and growth of girls from early on in their lives. On the other hand, a rapid 'nutritional transition' within one generation may have disadvantages. A sudden improvement of nutrition will increase the amount of body fat in women who were deprived early on in life but not increase their height. Studies in Finland and India have shown that children of women who were relatively short and fat have an increased risk of coronary heart disease 10 and non-insulin-dependent diabetes. 11 Finally, as it was found that the children's background was a more important determinant of their development than their growth in utero, the fight against poverty might be more effective than measures that solely focus on the improvement of nutrition for girls and young women. The results of the 1970 British Birth Cohort study indicate, however, that there are links between impaired fetal growth and lower academic and professional achievement even in a highly developed society.
